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A transparent memory device has been developed based on an indium gallium zinc oxide thin film
transistor by incorporating platinum nanoparticles in the gate dielectric stack as the charge storage
medium. The transfer characteristics of the device show a large clockwise hysteresis due to electron
trapping and are attributed to the platinum nanoparticles. Effect of the gate bias stress !program
voltage" magnitude, duration, and polarity on the memory window characteristics has been studied.
Charge retention measurements were carried out and a loss of less than 25% of the trapped elec-
trons was observed over 104 s indicating promising application as nonvolatile memory. © 2009
American Institute of Physics. #DOI: 10.1063/1.3106629$

The field of transparent electronics offers the oppor-
tunity to develop optoelectronic devices for “see-through”
display technologies and other applications.1 A key element
to realize transparent circuits is a transparent thin film
transistor !TTFT".2 Recently, amorphous oxide semiconduc-
tors !AOSs", using wide band-gap oxides have been devel-
oped for TTFT channel application. These oxides are
transparent to visible light and have higher mobilities
!%10–30 cm2 V−1 s−1" compared to conventional a-Si:H
and organic materials !%0.1–1 cm2 V−1 s−1".3 AOSs can
also be deposited at room temperature allowing them to be
deposited on flexible plastic substrates. There have been sev-
eral reports of transparent transistors based on zinc oxide,4

zinc tin oxide,5 indium gallium zinc oxide !IGZO",6 and
other semiconducting oxide thin films. The bulk of the re-
search focus has been on enhancing key TFT performance
metrics, however, to extend the concept of transparent tran-
sistors to transparent circuits and electronics, it is useful to
investigate other circuit components such as transparent
diodes7 and memory elements.8 In this paper we report the
development and demonstration of a transparent nonvolatile
memory device consisting of a transparent floating gate tran-
sistor that incorporates platinum nanoparticles !Pt-NPs"
which act as the charge-trapping medium in the gate dielec-
tric. This integration of a TTFT with memory functionality
can open up different pixel circuit or memory cell designs.9

Nonvolatile memory based on a floating gate device
structure has been widely utilized in silicon-based
electronics.10 In these structures the floating gate is used to
store and release charge with the memory state represented
by a shift in the threshold voltage. A large research effort has
been ongoing to replace the current poly-Si floating gate with
a memory-cell structure using discrete traps or nanoparticles
as the charge storage media.11 Numerous material ap-
proaches have been proposed, i.e., semiconductor !Si, Ge,
etc.", redox active molecule,12 metal !Au, Pt, etc.", and di-
electric !Al2O3, Si3N4, etc." nanoparticles.13 The memory
structure based on metal nanoparticles possesses several ad-
vantages over conventional floating gate memories, such as a
larger trapping probability, a stronger coupling with the con-

duction channel, and a wide range of available work
functions, and in case of defects in the control/tunnel oxide
the discrete traps ensure a larger probability of charge
retention.14 These memory device approaches are typically
on rigid silicon substrates and are not compatible with flex-
ible substrates and transparent electronic schemes.

The schematic cross-section of the IGZO memory de-
vice is shown in Fig. 1!a". Commercial glass substrates
coated with 250 nm sputtered indium tin oxide !ITO" and
220 nm atomic layer deposition !ALD" AlOx–TiOx superlat-
tice !ATO" were used.15 ITO acts as the gate electrode and
the ATO as the dielectric !blocking oxide" of the device.
Pt-NPs were formed on the ATO dielectric at 270 °C by
ALD.16 The number of cycles was optimized for the AlOx
interface !the ATO dielectric is capped on both ends by
AlOx" to get the desired size and distribution.16 A thin layer
%5 nm of AlOx, which acts as the tunneling oxide, was
deposited at 200 °C by ALD. This was followed by the
deposition and patterning of IGZO !channel" and ITO
!source/drain" by pulsed laser deposition !PLD" at room
temperature.6 Control samples without the Pt-NPs
!ITO /ATO /AlOx / IGZO / ITO" were also fabricated for com-
parison purposes. The fabricated devices were post-annealed
at 250 °C in atmosphere for 1 h. The TTFT memory device
characteristics were measured in the dark with an HP 4155B
semiconductor parameter analyzer.

The raw optical transmission versus the wavelength of
the substrate and the entire IGZO memory device stack is
shown in Fig. 1!a". At visible wavelengths the entire stack
was still highly transparent throughout the visible spectrum.
The addition of the Pt-NPs, AlOx, IGZO, and ITO layers did
not cause an appreciable reduction in the transparency of the
device. A cross-sectional transmission electron micrograph
!TEM" of the IGZO memory device is shown in Fig. 1!b".
The inset clearly shows the presence of Pt-NPs about 3 nm in
size. Under similar deposition conditions on smooth AlOx
coated silicon substrates, AFM images show a Pt-NP size of
3–4 nm.

The transfer characteristics #log!IDS"-VGS$ of the IGZO
TTFTs both with and without Pt-NPs are shown in Figs. 2!a"
and 2!b". The gate voltage VG was swept in 0.2 V increments
from a negative value to a positive value and back to the
starting negative value !e.g., !10 to 10 to !10 V", while thea"Electronic mail: muth@unity.ncsu.edu.
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source/drain voltage VDS was fixed at 10 V. We define the
TTFT turn-on voltage, Von, as the gate voltage where the
drain current reaches 100 pA. We can see in Fig. 2!a"
that the control transistors !without the Pt-NPs" show
negligible hysteresis with the "Von#Von!reverse sweep"
−Von!forward sweep"$%0.35 V when the device was swept
from !30 to 30 V and back. The following TFT character-
istics were extracted for the control devices, Vt=−0.25 V,
#eff=14 cm2 V−1 s−1, Ion / Ioff$107, and S=0.2 V decade−1.

In contrast, a significant hysteresis phenomenon can be
seen in the devices with embedded Pt-NPs, as shown in Fig.
2!b". We see a clockwise hysteresis of the transfer curves.
IGZO TTFTs are basically n-type devices and a positive bias
generates an accumulation layer of electrons in the channel
close to the channel/dielectric interface. These electrons tun-
nel through the AlOx !tunneling oxide" and get trapped in the

Pt-NPs when VG$0 during the forward sweep. During the
reverse sweep the trapped electrons screen the applied gate
voltage leading to a lower current and the observed clock-
wise hysteresis in the transfer characteristics. For the same
reason the maximum current seen in the devices with Pt-NPs
is about an order of magnitude lower than the control devices
due to the electrons trapped in the Pt-NPs. We can also no-
tice that the subthreshold slopes of both the forward and the
reverse sweeps are similar indicating no defect creation at
the semiconductor/dielectric interface due to the charging
process. We also observed that the slope of the &IDS versus
VG characteristics does not change appreciably when the de-
vice was charged showing that the charging process has a
minimal influence on the carrier mobility.

From Fig. 2!b" we can see that "Von increases by 5.1,
8.9, and 9.8 V as the VG sweep range increases from !!10 to
10 to !10 V", !!20 to 20 to !20 V", and !!30 to 30 to !30
V", respectively, showing that the trapping sites are not com-
pletely saturated. The Ioff of the reversely swept curves are
higher than that of the forward swept curves indicating that
the trapped electrons are not released in the reverse sweep.17

We observe that the Von of the forward sweep for the three
consecutive sweeps, !!10 to 10 to !10 V", !!20 to 20 to
!20 V", and !!30 to 30 !30 V", increases, also indicating
the trapped electrons are not completely released during the
reverse sweep. This is the result of the device being in a
depletion mode when a negative gate bias is applied !VG
%0", hence the device would require a much larger time
and/or negative potential to completely remove the trapped
electrons.18

The charging efficiency of the Pt-NPs was verified by
stressing the memory devices with a gate bias. Both positive
and negative bias !program voltage" for a predetermined

FIG. 1. !Color online" !a" Comparison of the optical transmission spectrum
of !A" the substrate !glass/ITO/ATO" and !B" the entire stack of the memory
device !glass / ITO /ATO /Pt-NCs /AlOx / IGZO / ITO". The inset is the sche-
matic cross-section of the IGZO memory TTFT. !b" Cross-section TEM
micrograph of a TTFT memory stack and the inset shows the presence of
embedded Pt-NPs.

FIG. 2. !Color online" !a" log!IDS"-VGS sweeps of !a" control TFT !no Pt-
NPs" and !b" memory TFT !with Pt-NPs". Hysteresis sweeps !!" !10 to 10
to !10 V, !!" !20 to 20 to !20 V, and !"" !30 to 30 to !30 V were made
consecutively. The directions of the forward and reverse sweeps are indi-
cated. VDS=10 V and TFT dimensions: L=100 #m and W=400 #m.
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time !0.1, 1, 2.5, and 10 s" was applied to the gate electrode,
while grounding the source and drain electrodes. The Von
was measured before and after the application of the stress
and the shift in Von is plotted in Fig. 3!a". A positive gate bias
induces a positive Von shift as expected due to the electron
injection into the charge-trapping layer. The hysteresis
memory window #"Von=Von!post"−Von!pre"$ increases with
an increase in the applied gate bias and the stress duration.
The shift in Von tends to saturate for stress times above 3 s
indicating that the number of electrons the nanoparticle can
store is saturating.19 On the other hand a negative gate bias
does not introduce a shift in Von. The invariability of Von with
a negative bias on the gate can be explained by the lack of
electrons in the channel due to the creation of the depletion
layer and lack of holes, which are not generated in the semi-
conductor. This shows that in this device programming is
done by electron trapping, while programming with holes is
not possible.20 The control TTFTs !without the Pt-NPs"
showed minimal !%0.2 V for +20 V bias for 10 s" variation
in Von with a positive gate bias and no shift in Von for a
negative gate bias confirming that the observed behaviors of
the IGZO memory devices are due to trapping of electrons in
the Pt-NPs.

The charge retention characteristics of the IGZO TTFT
memory device were evaluated. The stored electron charge
loss !measured as shift in Von" was assessed at room tempera-
ture after stressing the device at VG=20 V for 2 s, while the
source and the drain electrodes were grounded. The Von was
measured periodically by sweeping VG over 5 V around the

point when the TFT turns on to limit the charging effect
during the read measurements. "Von as a function of time is
shown in Fig. 3!b". Immediately after the stressing "Von is
3.45 V and within the first 500 s, it drops down to %3 V and
then slowly reduces to 2.65 V after 104 s, which amounts to
a 25% charge loss. The initial loss corresponds to electrons
trapped in shallow interface states created during the Pt-NPs
incorporation in the TFT dielectric, while the majority of the
electrons are strongly trapped at the Pt-NP sites. Fitting the
charge retention data to a logarithmic decay function, it was
found that 50% charge retention was maintained for up to
107 s. Further improvements in the device behavior are ex-
pected if the blocking oxide ATO’s thickness is reduced. This
would lower the voltage requirements of the device leading
to further optimization of the device structure.

In summary we have demonstrated a transparent
memory device utilizing Pt-NPs in an AOS TTFT based on
IGZO. The charge trapping is attributed to the presence of
Pt-NPs and verified from the hysteresis of the TFT transfer
characteristics. Electron injection was found under positive
gate voltage stress, whereas holes cannot be injected due to
the IGZO characteristics. The charge retention of the Pt-NPs
was maintained with only a 25% loss after 104 s. The devel-
opment of a memory device that can be integrated with other
transparent circuit elements potentially offers additional
functionality and design freedom for system-on-panel appli-
cations for transparent displays.
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FIG. 3. !Color online" !a" Shift in Von as a function of gate bias and the
stress duration !top abscissa" for positive and negative gate bias. Source and
drain electrodes were grounded, while stressing the gate. VDS=10 V, while
reading the device. !b" Charge retention characteristics !bottom abscissa" of
the IGZO memory TFT after stressing at VG=20 V for 2 s. The curves are
for visual aid.
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